Anti-reflection coating, which exhibits higher transmittance than that of glass substrate itself, has been obtained by hydrothermal treatment of Al film in ultrapure water and hydrothermally-treated Al film was consisted of transparent boehmite (aluminum oxyhydroxide) (J. Appl. Phys. 106 (2009) 023524). However the stability of the hydrothermally-treated film is not enough, as boehmite contains water in its crystal structure. In this study, we examined the heat-treatment of such boehmite film. According to transmission electron microscopy and transmission Fouriertransform infrared spectroscopy, dehydration was observed at above 673 K for 1 h and boehmite transformed to a stable phase of £-alumina. Though the structural change took place, the optical property of high transmittance remained and/or even improved.
Introduction
Suppression of optical reflection at the surface or the interface is one of the key technologies in the field of the optoelectronics devices and solar cell etc., because these devices usually have laminated structure composed of materials with different optical refractive index. In order to make anti-reflection (AR) surface or interface, gradient refractive index structure with laminated structure is usually fabricated. However, such a fabrication process is complex. Therefore, we had proposed a more simple treatment of the surface, i.e., a metallic Al thin film was firstly deposited on the glass substrate by radio frequency (rf ) sputtering, and then boiled in the ultra-pure water.
13) The Al film was transformed to a transparent aluminum oxyhydroxide (boehmite) by this hydrothermal treatment, and moreover total optical transmittance exceeded that of the glass substrate itself. Similar result was also realized in the case of an incompletely-nitrided Al (AlN) film.
35) It was concluded that the hydrothermal treatment of Al or AlN is simple and useful for AR coating for the glass substrate. 6) However, boehmite is not always chemically stable, since it contains water in its crystal structure. 7) In this study, a further stabilization of the boehmite film is examined by heat treatment. Two different heating ambiences, the dry normal atmosphere and the superheated steam, have been compared.
Experimental Procedure
Metallic 100-nm-thick Al films were deposited on the water cooled substrate by rf sputtering of Al target (99.999%, 100 mm diameter) with a power of 200 W. The base pressure of the chamber was 4 © 10 ¹5 Pa. Ar (99.9995%) was used as a sputtering gas. The working gas pressure was 1.33 Pa. Corning Eagle XG glass substrate with 0.70 mm thickness was used for the optical measurement. Undoped Si (99.999%) wafer with 0.5 mm thickness was also used for the transmission infrared absorption spectroscopy. The as deposited Al film on substrate was hydrothermally-treated at 368 K for 20 min in stirred ultrapure water (resistivity of the water > 18.2 M³cm).
Further heating of hydrothermally-treated specimen was carried out in two different methods. One method was heating in the dry normal air by using an electrical furnace at the temperature of 573, 673 and 773 K. The other method was heating in the superheated steam which was generated by passing the ultrapure water through a heating stainless steel pipe. The steam temperature was also controlled to be 573, 673 and 773 K by adjusting both the heating power of the pipe and the amount of feeding water using a high pressure pump for liquid chromatograph (PU-2087, JASCO Inc.). In both methods, heating duration time was 1 h, and then specimen was naturally cooled.
Optical properties were measured using an ultraviolet visible-near infrared spectrometer (UV-3100PC, Shimadzu Co.) in a wavelength range of 0.242.60 µm. An integrating sphere with a diameter of 60 mm was used to measure both total transmittance (T tot ) and total reflectance (R tot ). In other words, T tot is the sum of forward transmittance and diffusive transmittance, and R tot is the sum of backward reflectance and diffusive reflectance. 5) Surface morphologies were observed by using a fieldemission scanning electron microscope (FE-SEM) (S-4200, Hitachi High-Technologies Co.). Transmission electron microscopy (TEM) observation was performed by using JEM2000FX (JEOL Ltd.).
Fourier transform infrared (FT-IR) spectroscopy was also performed by using FT/IR-6200 spectrometer (JASCO Inc.). Hydrothermally-treated specimen or the heat-treated specimens were set in an evacuated specimen chamber with windows of thallium bromide iodide (KRS-5), and then measured by using a detector of deuterated L-alanine doped tri-glycine sulfate (DLATGS) with a measurement range of 3507800 cm ¹1 .
Results and Discussions

Optical property
After hydrothermal treatment, metallic opaque Al film changes into transparent film.
1) This appearance remains after two different heat-treatments, i.e., in the ordinary atmosphere and in the superheated steam. Change of optical properties of both T tot and R tot are shown in Figs. 1 and 2 respectively. T tot of hydrothermally-treated specimen increases and exceeds that of glass substrate. After heating of them, all of T tot still exceeds that of glass substrate (Figs. 1(a) and 1(b) ). In the visible region, degradation or decreasing of T tot induced by heat-treatment in the air ( Fig. 1(a) ) is not so serious compared to depression of T tot of specimens heated in the superheated steam ( Fig. 1(b) ). On the contrary, T tot of specimens heated in the superheated steam is improved in the near infrared region. One of the reasons of these wavelength dependences of T tot is thought to be an effect of interference of thin film. Therefore T tot could be optimized more by controlling the film thickness of first deposited Al film. It should be noted that changes in R tot (Figs. 2(a) and 2(b)) compensate the corresponding changes of T tot (Figs. 1(a) and 1(b) ). Figure 3 shows heating temperature dependence of selected area electron diffraction pattern. Figures 3(b)3(d) correspond to heating in the air. Figures 3(e)3(g) correspond to heating in the superheated steam. Hydrothermally-treated specimen (Fig. 3(a) ) and heat-treated specimens at 573 K in respective atmospheres (Figs. 3(b) and 3(e) ) are boehmite (orthorhombic, a 0 = 0.36936 nm, b 0 = 1.2214 nm, c 0 = 0.28679 nm). 8) After heating at 573 K, diffraction rings change into rather spotty (Figs. 3(b) and 3(e) ). This indicates crystal grain growth of boehmite takes place by heattreatment. The boehmite specimen transforms to the £-alumina (cubic spinel structure, a 0 = 0.790 nm) 9) at even more high temperature of 673 K (Figs. 3(c) and 3(f ) ) and 773 K (Figs. 3(d) and 3(g) ). When the boehmite (Figs. 3(b) and 3(e)) transforms to £-alumina (Figs. 3(c) and 3(f ) ), intensity distribution of diffraction rings becomes broad and continuous. This means the crystal refinement takes place during transformation. After this change, intensity distribution of diffraction rings becomes spotty again (Figs. 3(d) and  3(g) ), indicating that grain growth of £-alumina takes place with increasing temperature. Figure 4 shows heating temperature dependence of surface FE-SEM image. As deposited metallic Al film shows relatively-smooth surface (Fig. 4(a) ). After hydrothermal treatment in the water, characteristic surface morphology appears as shown in Fig. 4(b) , which may possibly compared to a shape of desert rose, in other words intersecting fine plates each other. This characteristic structure is thought to be one of the reasons for the gradient-refractive index structure. Figure 5 shows heating temperature dependence of FT-IR absorption spectrum in the different atmospheres. Absorption bands appearing in the spectrum of hydrothermally-treated Al film, i.e., boehmite film, are listed in Table 1 , together with their assignment, and compare well with values available in the literature.
Crystal structure and surface morphology
IR absorption spectra
1012) Bands of No. 14 are assigned to be the hydroxyl group connecting to Al atom. The band of No. 5 is due to the bending of octahedral AlO 6 atomic group. These absorption bands due to boehmite still remain in the IR spectra in both atmospheres at 573 K. These bands, however, almost disappear at higher temperatures of 673 and 773 K, and then absorption bands from 500 to 950 cm ¹1 , which is thought be bands due to £-alumina, 13) appear. The change in IR absorption is consistent with the result of electron diffraction (Fig. 3) . However weak absorption band of No. 4 still remains in spectra of the specimen heated in the superheated steam at 673 and 773 K (Fig. 5) . This weak absorption suggests that the £-alumina formed in the superheated steam partially contains hydroxyl group and the dehydration is not perfect compared with the heattreatment in the air.
Conclusion
Present study revealed that the boehmite films transformed into £-alumina, which exhibits better stability than the boehmite, by heat-treatment at more than 673 K for 1 h in the air and in the superheated steam. This crystal structure phase transition was identified by not only electron diffraction but also FT-IR spectroscopy. However, characteristic roughened surface morphology of boehmite film or the gradient-refractive index structure remained after the phase transition, and then the £-alumina film on the glass substrate showed the same magnitude of transmittance of boehmite film on the glass substrate. Therefore it can be concluded that the stable £-alumina film with AR property is successfully fabricated from Al film using hydrothermal treatment followed by the heat-treatment of inducing dehydration. Table 1 . Wavenumber regions 36003900 cm ¹1 and 1300 1900 cm ¹1 are due to the stretching mode and the bending mode of free H 2 O molecule respectively. 14) This is water remaining in the optical path of the IR spectrometer. 
